Nanoscale fluctuations on epithelial cell surfaces investigated by scanning ion conductance microscopy Nanoscale fluctuations on the apical surfaces of epithelial cells connected to neighboring cells were investigated by scanning ion conductance microscopy. Mapping the ion current as a function of the tip-surface distance revealed that in untreated cells, the apparent fluctuation amplitude increased towards the cell center. We found that the spatial dependence was less correlated with the heterogeneities of cell stiffness but was significantly reduced when actin filaments were disrupted. The results indicate that apical surface fluctuations are highly constrained at the cell-cell interface, in the vertical direction to the surface and by the underlying actin filaments. Membranes are essential components of all cells. Because cell membranes are flexible and undergo dynamic morphological changes according to biological functions, the characterization of cell surface fluctuations is crucial for a better understanding of cell function in relation to cell dynamics. Red blood cells have been extensively used as a model for investigating cell surface fluctuations because they lack nuclei and consist of a lipid bilayer coupled to a regular two-dimensional cytoskeletal network that is regarded as an optically isotropic material. Sophisticated optical techniques that detect phase differences in light transmitted through the cytoplasm of cells revealed that the fluctuation between the upper and lower surfaces in the single cells exhibited a spatial dependence with an amplitude of tens of nanometers [1] [2] [3] [4] that was mediated by the underlying cytoskeleton. [1] [2] [3] [4] [5] [6] Compared with non-adherent cells such as red blood cells, adherent mammalian cells have more heterogeneous surface structures. In multicellular epithelial cell sheets, the cells adhere to the extracellular matrix via their basal surface and are coupled to neighboring cells at the cell-cell interface (lateral surfaces). Thus, epithelial cell surfaces are classified into apical, lateral, and basal surfaces. Recent studies have unveiled the detailed dynamic properties of the basal and lateral surfaces. [7] [8] [9] [10] However, less is known about the fluctuations of apical cell surfaces, as observed in red blood cells, which are also vital for the activation of various signaling pathways during cell communication.
Optical techniques have been applied to estimate the vertical height of adherent mammalian cells. [11] [12] [13] However, the optical refractive index of the cells may fluctuate according to the remodeling of the intracellular cytoskeletal network and/or the displacement of subcellular organelles. Thus, non-optical techniques for directly measuring flexible cell surface positions are required to quantify nanoscale fluctuations on adherent cell surfaces.
Scanning ion conductance microscopy (SICM)
14 is a promising tool for analyzing local regions on cell surfaces [15] [16] [17] [18] through an ion current, I, that flows through the small bore of a pipette. Using SICM, Gorelik et al. 16 reported the direct observation of the dynamic formation and assembly of microvilli on apical epithelial cell surfaces at high resolution without substantial cell deformation. This result indicates that the change in I observed in live epithelial cells is highly dependent on the tip-surface distance, D. In this letter, we characterize I-D curves on epithelial Mardin-Darby canine kidney (MDCK) cell sheets in which the cells were almost fully confluent and translational cell migration was highly constrained, and estimate the nanoscale fluctuations on the apical cell surfaces from the observed I-D curves.
We used a commercial SICM (XE-Bio, Park Systems) with a nanopipette of ca. 100 nm inner diameter (Fig. S1 in supplementary material 20 ). Images of live MDCK cell sheets were obtained in the so-called hopping mode, 17 also referred to as approach-retract scanning (ARS) mode, 19 in which each I-D curve was measured for ca.10 ms ( Fig. 1(a) ). As shown in Fig. 1(b) , the cross-sectional topography of MDCK cell surfaces whose height increased around the cell center was clearly imaged in this mode. For I-D curve measurements, we measured fifty I-D curves at each position on the cell surface at the same scan speed as the hopping/ARS mode imaging. The measured I-D curves were averaged to characterize the I-D curve at different positions on the cell surface. The mechanical properties of the cells at different positions were measured by atomic force microscopy (AFM). To investigate the effects of actin filaments and microtubules on the I-D curves and the cells' mechanical properties, the cells were incubated with latrunculin-A (latA) (0.5 lM, Sigma-Aldrich) or colchicine (col) (50 lM, Sigma-Aldrich) for 30 min before the measurements. Further details regarding the experimental methods can be found in the supplementary material. . Second, the I-D curve in untreated (un-fixed) cells was much broader compared with the chemically fixed cells. Third, the broadness remained unchanged in cells whose microtubules were disrupted by col ( Fig. 1(d) ). Fourth, the disruption of actin filaments by latA ( Fig. 1(d) ) significantly enhanced the broadness of the curve.
The measurement time for the single I-D curve shown in Fig. 1(c) was less than one second, which corresponds to a few nm of dynamic morphological changes such as microvilli on the epithelial cell surface. 16 Indeed, it was confirmed that the profile of the I-D curve was almost unchanged during the measurement timeframe ( Fig. S3 in supplementary  material   20 ). This indicates that the broadness of the I-D curves shown in Fig. 1(c) is not associated with dynamic morphological changes. Moreover, we found no significant correlation between the profile of I-D curves and the local topographical variation (Fig. S4 in supplementary material 20 ) measured in the hopping/ARS mode. Therefore, we consider that the observed I-D curves reflect cell surface fluctuations, which appear in regions larger than those that can be resolved by SICM imaging.
To estimate the cell surface fluctuations from the I-D curves, we propose the model schematically described in Fig. 2(a) . The cell surface position, z s (x, t), at time t at a normalized lateral position x is generally defined as z s (x, t) ¼ z 0 (x) þ dz s (x, t). z 0 (x) is the average z-position of the apical cell surface, and dz s (x, t) is the fluctuation of the z position around z 0 (x), i.e., hdz s ðxÞi ¼ 0, where the bracket hXi represents the ensemble or time average of the quantity X. Here, we assume that the cell surfaces fluctuated with a Gaussian stochastic distribution, P, with the root mean square (RMS) displacement of surface fluctuations, hdz s 2 i 1=2 , which is the apparent amplitude of cell surface fluctuation, as given by
The I-D curve in the solid substrate without fluctuation was well fitted to Eq. (2) 21 ( Fig. 1(c) )
where z is the tip position, z 0 is sample surface position with no fluctuations, I sat is the ion current when the pipette is far from the sample surface, and f is a function of the inner radius of the tip opening, the inner radius of the tip base, the tip length, and the conductivity of an electrolyte (in this case, serum-free culture medium) in the pipette. 21 It was experimentally determined f to be 4.9 Â 10 À2 nm for an I sat of $950 pA in the culture medium (Fig. S2 in supplementary  material   20 ). Thus, when the cell fluctuations follow Eq. (1), the averaged I, hIi, measured at z on cells at z 0 with hdz s 2 i 1=2 , is expressed as
where z 0 and hdz s 2 i are fitting parameters. It is noted that the dynamic range of the cell surface fluctuations that we can observe in this study is restricted from several Hz, which depends on the measurement time of I-D curve, to 1.1 kHz, which is the bandwidth of the preamplifier of the SICM instrument.
The I-D curves shown in Fig. 1(c) were well fitted to Eq. (3) (Fig. 2(b) ). In the fixed cells, the RMS displacement of surface fluctuations was estimated to be 6.5 nm, which is consistent with that in fixed red blood cells by optical techniques. 4 The displacements increased significantly to be ca. 60 nm in the untreated and col-treated cells and ca. 105 nm in the latA-treated cells, although the treatment caused no significant difference in apical cell topography (Fig. S5 in  supplementary material 20 ). Figure 3 shows the RMS displacement of surface fluctuations estimated at different positions on the cell surface. Interestingly, in the untreated cells, the cell surface fluctuation exhibited a clear spatial-dependence that increased towards the cell center, i.e., the RMS displacement of surface fluctuations was 46 nm at the cell edge and 71 nm at the cell center, whereas no spatial dependence was observed in the fixed cells. Moreover, in the latA-treated cells, the spatial dependence was significantly reduced. This result indicates that the spatial heterogeneities in epithelial cell surface fluctuations are strongly associated with the underlying actin cytoskeleton. Col-treated cells remained unchanged in both the spatial-dependence and the magnitude of the displacement of surface fluctuations, indicating that the fluctuations on the apical cell surface are less affected by microtubules.
Because the modification of cytoskeletal structures influences the mechanical properties of cells, 22 we investigated the relationship between the cells' mechanical properties and the estimated fluctuations on the cell surface. Figure 4 shows the magnitude of shear modulus, jG*j at a frequency of 100 Hz, determined in cells at different cell positions by AFM. It was observed that in untreated cells, the cell edge was stiffer than the cell center. Importantly, as the cells were treated with col, jG*j at the cell edge significantly decreased and attained the same value as that measured in other regions. This result indicates that microtubules stabilize the cellular structures at the cell edge. [23] [24] [25] It was reported 26, 27 that hydrostatic forces applied to the sample surface through the SICM tip deformed soft cell surfaces, and consequently the resultant I-D curve profiles were different to those on solid substrates. We found that the col-treated cells became mechanically homogeneous (Fig. 4) . This indicates that the spatial dependence of I-D curves measured in the col-treated cells was dominated by the cell surface fluctuations, but not the hydrostatic forces. Thus, the mechanical properties of the cells are not directly correlated with cell surface fluctuations.
By contrast, the disruption of actin filaments caused a significant reduction in jG*j across all regions, indicating that actin filaments play a primary role in maintaining cell stiffness. Similar to the col-treated cells, the latA-treated cells were mechanically homogeneous but became very soft. The latA-treated cells are likely sensitive to the hydrostatic force, and the RMS displacement of surface fluctuations estimated by Eq. (3) (Figs. 2(b) and 3 ) might be overestimated. However, because the mechanical properties of latA-treated cells have no spatial dependence (Fig. 4) , the observed reduction of the spatial dependence in latA-treated cells (Fig. 3) is not dependent on the hydrostatic forces. These results strongly suggest that the lateral surfaces are highly constrained in the vertical direction to the apical cell surface by the underlying actin filaments. It is known that the actin filaments strongly interact with the adherens junctions that connect the cells. 25, 28 The effect of this pinning, which is associated with the formation of actin filaments, may dominate the spatial heterogeneities of the epithelial cell surface fluctuations.
In summary, we characterized the I-D curves on epithelial cell sheets measured by SICM and estimated the nanoscale fluctuations in the apical cell surfaces from the observed I-D curves using a simple model. Regarding cell surface fluctuations measured by other direct methods, Pelling et al. 29 showed that AFM can measure local temperature-dependent nanomechanical motion in the yeast cell wall. However, because mammalian cells are much softer than yeast cells, the AFM tip may perturb mammalian cell surfaces. 30 Thus, the SICM method presented here is a unique non-contact scanning probe microscopy technique for quantifying the apparent fluctuation amplitude of adherent epithelial cell surfaces.
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